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MULTIPLE CHANNEL, CARDIAC 
ARRAY FOR SENSITIVITY 
ENCODING IN MAGNETIC 
RESONANCE IMAGING 

Background of Invention 

[0001] The present disclosure relates generally to magnetic resonance imaging (MRI) 
systems and, more particularly, to a multiple channel, cardiac array for sensitivity 
encoding (SENSE) in MRI. 

[0002] A conventional MRI device establishes a homogenous magnetic field, for example, 
along an axis of a person's body that is to undergo MRI. This homogeneous magnetic 
field conditions the interior of the person's body for imaging by aligning the nuclear 
spins of nuclei (in atoms and molecules forming the body tissue) along the axis of the 
magnetic field. If the orientation of the nuclear spin is perturbed out of alignment with 
the magnetic field, the nuclei attempt to realign their nuclear spins with an axis of the 
magnetic field. Perturbation of the orientation of nuclear spins may be caused by 
application of radio frequency (RF) pulses. During the realignment process, the nuclei 
precess about the axis of the magnetic field and emit electromagnetic signals that 
may be detected by one or more coils placed on or about the person. 

[0003] 

The frequency of the nuclear magnetic radiation (NMR) signal emitted by a given 
precessing nucleus depends on the strength of the magnetic field at the nucleus' 
location. As is well known in the art, it is possible to distinguish radiation originating 
from different locations within the person's body simply by applying a field gradient 
the magnetic field across the person's body. For the sake of convenience, direction of 
this field gradient may be referred to as the left-to-right direction. Radiation of a 
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particular frequency may be assumed to originate at a given position within the field 
gradient, and hence at a given left-to-right position within the person's body. The 
application of such a field gradient is also referred to as frequency encoding. 

However, the simple application of a field gradient does not allow for two- 
dimensional resolution, since all nuclei at a given left-to-right position experience the 
same field strength, and hence emit radiation of the same frequency. Accordingly, the 
application of a frequency-encoding gradient, by itself, does not make it possible to 
discern radiation originating from the top versus radiation originating from the 
bottom of the person at a given left-to-right position. Resolution has been found to 
be possible in this second direction by application of gradients of varied strength in a 
perpendicular direction to thereby perturb the nuclei in varied amounts. The 
application of such additional gradients is also referred to as phase encoding. 

Frequency-encoded data sensed by the coils during a phase encoding step is 
stored as a line of data in a data matrix known as the k-space matrix. Multiple phase 
encoding steps are performed in order to fill the multiple lines of the k-space matrix. 
An image may be generated from this matrix by performing a Fourier transformation 
of the matrix to convert this frequency information to spatial information representing 
the distribution of nuclear spins or density of nuclei of the image material. 

[0006] MRI has proven to be a valuable clinical diagnostic tool for a wide range of organ 
systems and pathophysiologic processes. Both anatomic and functional information 
can be gleaned from the data, and new applications continue to develop as the 
technology and techniques for filling the k-space matrix improve. As technological 
advances have improved achievable spatial resolution, for example, increasingly finer 
anatomic details have been able to be imaged and evaluated using MRI. Often, 
however, there is a tradeoff between spatial resolution and imaging time, since higher 
resolution images require a longer acquisition time. This balance between spatial and 
temporal resolution is particularly important in cardiac MRI, for example, where fine 
details of coronary artery anatomy must be discerned on the surface of a rapidly 
beating heart. 

[0007] imaging time is largely a factor of the speed with which the MRI device can fill the 
k-space matrix. In conventional MRI, the k-space matrix is filled one line at a time. 
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Although many improvements have been made in this general area, the speed with 
which the k-space matrix may be filled is limited. To overcome these inherent limits, 
several techniques have been developed to simultaneously acquire multiple lines of 
data for each application of a magnetic field gradient. These techniques, which may 
collectively be characterized as "parallel imaging techniques", use spatial information 
from arrays of RF detector coils to substitute for the encoding which would otherwise 
have to be obtained in a sequential fashion using field gradients and RF pulses. The 
use of multiple effective detectors has been shown to multiply imaging speed, without 
increasing gradient switching rates or RF power deposition. 

[0008] One such parallel imaging technique that has recently been developed and applied 
to in vivo imaging is referred to as SENSE (SENSitivity Encoding). The SENSE technique 
is based on the recognition of the fact that the spatial sensitivity profile of the 
receiving elements (e.g., resonators, coils, antennae) impresses on the spin resonance 
signal position information that can be used for the image reconstruction. The parallel 
use of a plurality of separate receiving elements, with each element having a different 
respective sensitivity profile, and combination of the respective spin resonance signals 
detected enables a reduction of the acquisition time required for an image (in 
comparison with conventional Fourier image reconstruction) by a factor which in the 
most favorable case equals the number of the receiving members used (see 
Pruessmann et al., Magnetic Resonance in Medicine Vol. 42, p. 952-962, 1999). 

[0009] A drawback of the SENSE technique, however, results when the component coil 
sensitivities are either insufficiently well characterized or insufficiently distinct from 
one another. These instabilities may manifest as localized artifacts in the 
reconstructed image, or may result in degraded signal-to-noise ratio (SNR). 
Accordingly, it is desirable to implement RF coil arrays in MRI systems that (among 
other aspects) provide increased SNR with or without the use of parallel imaging 
techniques such as SENSE. 

Summary of Invention 

[00 1 3] above discussed and other drawbacks and deficiencies of the prior art are 

overcome or alleviated by a multiple channel array coil for magnetic resonance 
imaging. In an exemplary embodiment, the array coil includes an anterior section and 
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a posterior section. The anterior and posterior sections are displaced from one 
another about a first direction, with both of the anterior and posterior sections further 
including a left portion and a right portion displaced from one another about a second 
direction. Each of the left and right portions further include a superior coil element 
and an inferior coil element displaced from one another about a third direction. 

[001 1] In another aspect, a multiple channel array coil for magnetic resonance imaging 

has an anterior section and a posterior section. The anterior and posterior sections are 
symmetrically arranged and displaced from one another about a first direction, with 
both of the anterior and posterior sections further including a left portion and a right 
portion symmetrically arranged and displaced from one another about a second 
direction. Each of the left and right portions further include a superior coil element 
and an inferior coil element displaced from one another about a third direction. The 
coil elements are generally rectangular in shape and are formed from a generally flat, 
conductive material. 

[001 2] In still another aspect, a magnetic resonance imaging (MRI) system includes a 
computer, a magnet assembly for generating a polarizing magnetic field, and a 
gradient coil assembly for applying gradient waveforms to the polarizing magnetic 
field along selected gradient axes. In addition, a radio frequency (RF) transceiver 
system is used for applying RF energy to excite nuclear spins of an object to be 
imaged, and for thereafter detecting signals generated by excited nuclei of the object 
to be imaged. The RF transceiver system further includes a multiple channel array coil 
having an anterior section and a posterior section. The anterior and posterior sections 
are displaced from one another about a first direction, with both of the anterior and 
posterior sections further including a left portion and a right portion displaced from 
one another about a second direction. Each of the left and right portions further 
include a superior coil element and an inferior coil element displaced from one 
another about a third direction. The signals detected by the multiple channel array coil 
are processed by the computer to produce MR images of the object to be imaged. 

[0013] 

In yet another aspect, a method for configuring a multiple channel array coil 
suitable for use in sensitivity encoding for magnetic resonance imaging (MRI) includes 
arranging a first set of individual coil elements into an anterior section and arranging 
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a second set of individual coil elements into a posterior section. The anterior and 
posterior sections are displaced from one another about a first direction, and both of 
the anterior and posterior sections are further arranged into a left portion and a right 
portion that are displaced from one another about a second direction. Each of the left 
and right portions are further arranged from a superior coil element and an inferior 
coil element displaced from one another about a third direction. 

[0014] Finally, in still a further aspect, method for implementing sensitivity encoding for 
magnetic resonance imaging (MRI) includes generating a polarizing magnetic field and 
applying gradient waveforms to the polarizing magnetic field along selected gradient 
axes. RF energy generated by an RF transceiver system is then applied to excite 
nuclear spins of an object to be imaged, and thereafter signals generated by excited 
nuclei of the object to be imaged are detected. The RF transceiver system further 
includes a multiple channel array coil having an anterior section and a posterior 
section. The anterior and posterior sections are displaced from one another about a 
first direction, with both of the anterior and posterior sections further including a left 
portion and a right portion displaced from one another about a second direction. Each 
of the left and right portions further include a superior coil element and an inferior 
coil element displaced from one another about a third direction. 

Brief Description of Drawings 

[001 5] Referring to the exemplary drawings wherein like elements are numbered alike in 
the several Figures: 

[001 6] Figure 1 is a schematic block diagram of an exemplary MR imaging system 
suitable for use with the present invention embodiments; 

[001 7] Figure 2 is a perspective view of a multiple channel, cardiac array coil suitable for 
SENSE imaging, in accordance with an embodiment of the invention; 

[001 8] Figure 3 is a circuit diagram illustrating decoupling of a pair of coil elements along 
the x-direction; and 

[0019] Figure 4 is a detailed view of the layout of the anterior section of the cardiac array 
coil of Figure 2. 
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Detailed Description 

[0020] Referring initially to Figure 1 , an exemplary magnetic resonance (MR) imaging 
system 8 includes a computer 1 0, which controls gradient coil power amplifiers 14 
through a pulse control module 12. The pulse control module 12 and the gradient 
amplifiers 14 together produce the proper gradient waveforms Gx, Gy, and Gz, for 
either a spin echo, a gradient recalled echo pulse sequence, a fast spin echo, or other 
type of pulse sequences. The gradient waveforms are connected to gradient coils 1 6, 
which are positioned around the bore of an MR magnet assembly 34 so that gradients 
Gx, Gy, and Gz are impressed along their respective axes on the polarizing magnetic 
field B from magnet assembly 34. 

[0021] The pulse control module 1 2 also controls a radio frequency synthesizer 1 8 that is 
part of an RF transceiver system, portions of which are enclosed by dashed line block 
36. The pulse control module 1 2 also controls an RF modulator 20, which modulates 
the output of the radio frequency synthesizer 1 8. The resultant RF signals, amplified 
by power amplifier 22 and applied to RF coil 26 through transmit/receive switch 24, 
are used to excite the nuclear spins of the imaged object (not shown). 

[0022] The MR signals from the excited nuclei of the imaged object are picked up by the 
RF coil 26 and presented to preamplifier 28 through transmit/receive switch 24, to be 
amplified and then processed by a quadrature phase detector 30. The detected signals 
are digitized by a high speed A/D converter 32 and applied to computer 1 0 for 
processing to produce MR images of the object. Computer 10 also controls shimming 
coil power supplies 38 to power shimming coil assembly 40. 

[0023] As stated previously, phased array coils are commonly used in MRI as they offer 
improved SNR over an extended field of view (FOV). With the advent of parallel 
imaging techniques, it has also become important to obtain a reliable sensitivity 
assessment for each individual coil used in conjunction with sensitivity based (SENSE) 
reconstruction. In addition to the common signal intensity variations, local noise 
enhancement occurs to varying degrees according to the conditioning of the 
sensitivity-based reconstruction steps. This effect, which depends strongly upon the 
geometry of the particular coil arrangement, is quantitatively described by 
Pruessmann, et al. as the local geometry factor (g). 
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[0024] As will be appreciated, the geometry factor plays a significant role in designing 
SENSE arrays. The geometry factor is a mathematical function of the coil sensitivities 
and the reduction factor R, wherein R denotes the factor by which the number of 
samples is reduced with respect to conventional, full Fourier encoding. In practice, the 
coil structure generally does not permit straightforward analytical coil optimization. 
Thus, simulations have proven to be a valuable tool in seeking optimized coil 
arrangements for sensitivity encoding, involving the determination of geometry maps 
and base SNR. 

[0025] The local SNR of a SENSE image is determined in accordance with the following 
!m equation: 

Cfl SNR SE?JSE = SNR ConvcntionaI 

— . Conventional _ , „ fcir> , , , .. . 

'%! wherein SNR denotes the SNR obtained when the same coil array and 

M imaging scheme are used with out reducing the number of phase encoding steps (i.e., 

in conventional image processing without SENSE techniques), thus requiring the 
complete scan time. It can be seen, therefore, that for an optimum SNR from SENSE 
produced images, the geometry factor of the coil should be kept to minimum (the 
ideal value being 1). 

[0026] However, it will be appreciated that additional design constraints further dictate 
that each individual coil within an array be decoupled from their neighbors so that 
noise is uncorrelated. Generally, conventional coils with overlap decoupling tend to 
produce higher geometry-related noise enhancement and thus are not suited for 
SENSE imaging. Accordingly, other decoupling methods may be implemented. On the 
other hand, an underlap (non-overlap) of coils along a particular direction may result 
in a lack of signal detected in a plane perpendicular thereto. More specifically, it has 
been discovered that an underlap in the z-direction results in the absence of a signal 
in the xy-plane, while an underlap in either the x or y-directions does not cause an 
absence of signal in the corresponding planes. This is because the net magnetization 
vector rotates around the z-axis at all times. 



[0027] 



Therefore, in accordance with an embodiment of the invention, there is disclosed 
a multiple channel (more particularly, an 8-channel) cardiac array coil that is arranged 
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symmetrically in the three main imaging directions (i.e., superior-inferior, left-right, 
and anterior-posterior). The 8 elements are configured in such a manner so as to 
acquire images using the SENSE scan time reduction algorithm in all possible planes, 
including obliques and double obliques. 

[0028] Referring now to Figure 2, there is shown a schematical view (in perspective) of 

the cardiac array coil 100. The coil 100 is configured into an anterior section 102 that 
is symmetrically arranged with respect to a posterior section 104, and displaced 
therefrom about the y-direction (as illustrated by the coordinate axis legend in Figure 
2). In turn, both the anterior section 1 02 and the posterior section 1 04 are further 
divided into a left portion 1 06 and a right portion 1 08. The left and right portions 
1 06, 1 08 are also symmetrically arranged with one another and displaced from one 
another about the x-direction. Each of the left and right portions 106, 108 has a pair 
of individual, overlapping surface coil elements 1 1 0 along the z-direction. 

[0029] For ease of illustration and description, the individual coil elements 1 1 0 are 

labeled 1 through 8 in Figure 2. As such, the anterior section 102 includes individual 
coil elements 1 10 numbered 1 through 4, while the posterior section 104 includes coil 
elements 1 1 0 numbered 5 through 8. Within the anterior section 1 02, the left portion 
includes coil element numbers 1 and 3, with the right portion includes coil element 
numbers 2 and 4. Correspondingly, the left portion of the posterior section 104 
includes coil element numbers 5 and 7, while the right portion thereof includes coil 
element numbers 6 and 8. The symmetrical arrangement of the coil elements 1 10 with 
respect to each of the directional axes is illustrated by reference to an isocenter Q, 
which is a point positioned in a line, /, parallel to the y-direction. (Although the 
isocenter Q is shown positioned in line /, it should be understood that the isocenter 
indicates the "midpoint" with respect to all of the axes of the main magnetic field.) In 
operation, then, coil element numbers 1,2,3 and 4 are vertically aligned in the y- 
direction over coil element numbers 5, 6, 7 and 8, respectively. 

[0030] 

In order to create distinct sensitivity profiles for each coil element 1 1 0, the 
elements are preferably physically separated, creating an underlap. The individual coil 
elements 1 1 0 are decoupled from one another along the x-direction using a 
transformer decoupling method, while the elements 1 10 are decoupled from one 
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another along the y-direction using preamplifier decoupling. In particular, Figure 3 
schematically illustrates the transformer decoupling between an exemplary pair of coil 
elements 1 1 0, along the x-direction. As mentioned previously, it was found that 
providing an underlap in the z-direction resulted in the absence of a detected signal 
in the perpendicular plane to the z-direction at the location of the underlap. In order 
to overcome this drawback, the elements 1 1 0 are overlapped in the z-direction, and 
are thus decoupled geometrically in this direction by the critical overlap method. It will 
also be noted in Figure 3, that each coil element 110 includes four capacitive elements 
112, within each of the four segments thereof, to provide RF resonance. 

[0031] Figure 4 illustrates a more detailed view of the layout of the anterior section 102 
of the coil 1 00. Since the layout for the anterior and posterior sections are essentially 
the same, only the anterior section 1 02 is shown for the sake of simplicity. As can be 
seen, the anterior section 102 includes four individual coil elements 110, which are 
again labeled element numbers 1 through 4. Each coil element 1 10 is generally 
rectangular in shape, and is formed from a generally flat, conductive material such as 
tin-plated copper. It will be noted that within each side of each of the generally 
rectangular coil elements 110, the capacitive elements 1 12 are shown between a gap 
within the segment of copper. 

[0032] The manner of coil overlap (as between element numbers 1 & 3, and element 

numbers 2 & 4) in the z-direction is also illustrated. For example, at the overlap area 
of coil element numbers 1 and 3, the coil conductors are inwardly bent at an angle of 
about 45 0 from both sides, thereby resulting in two intersection points, Al and A2, 
wherein the conductors from coil element numbers 1 and 3 overlappingly intersect at 
a generally perpendicular angle with respect to one another. More specifically, coil 
element number 3 overlaps coil element number 1 at points Al and A2. 

[0033] Finally, the transformer decoupling in the x-direction is also illustrated in Figure 
4. A first transformer 122a is located at an adjoining corner between coil element 
numbers 3 and 4. Similarly, a second transformer 122b is located at an adjacent 
corner between coil element numbers 1 and 2. Each of the coil elements 1 10 is shown 
provided with a preamplifier 1 16 for decoupling with a corresponding coil element in 
the posterior section 1 04 (not shown in Figure 4). 
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[0034] Through the use of the above-described cardiac array coil 100, having eight 
elements arranged symmetrically around an isocenter, the enablement of SENSE 
acquisition on all slice orientations, especially double-oblique cardiac imaging is 
achieved. Thus configured, three kinds of decoupling methods are used with each 
individual coil element 11 0 to provide isolation among neighboring coil elements, 
while still accommodating SENSE capability in all imaging planes. 

[0035] While the invention has been described with reference to a preferred embodiment, 
it will be understood by those skilled in the art that various changes may be made and 
equivalents may be substituted for elements thereof without departing from the scope 
of the invention. In addition, many modifications may be made to adapt a particular 
situation or material to the teachings of the invention without departing from the 
essential scope thereof. Therefore, it is intended that the invention not be limited to 
the particular embodiment disclosed as the best mode contemplated for carrying out 
this invention, but that the invention will include all embodiments falling within the 
scope of the appended claims. 
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